Abstract-
I. INTRODUCTION
Mineral Oil (MO) is the conventional insulation fluid used in transformers. Apart from electrical insulation, it also serves as a cooling medium and information carrier for monitoring the condition of transformers [1, 2] . However, there several issues with MO such as low fire/flash point, nonbiodegradable and could contaminate the soil and waterways if a serious spill occurs [3] . Biodegradable oil was introduced as an alternative fluid for MO [4] . Biodegradable oil such as vegetable oil is non-toxic, environment friendly and has higher fire and flash points [5] .
Natural ester is among the most common biodegradable oil examined for transformers application. It is a seed based oil and consist of fatty acid ester triglycerides [6] . Natural ester was also applied successfully in practice as the dielectric insulating fluid for small and medium transformers up to a voltage level of 66 kV [7] . In the recent years, various researches were carried out on different aspects of natural ester [7] [8] [9] [10] [11] . Apart from natural ester, Palm Oil (PO) is other type of biodegradable oil that is currently investigated for potential application in transformers. Different types of PO can be extracted from the palm nut as shown in Fig. 1 . Crude Palm Oil (CPO) can be obtained from the mesocarp while Palm Kernel Oil (PKO) can be extracted from the kernel of the palm nut. CPO can be further refined which resulted in Refined, Bleached and Deodorized Palm Oil (RBDPO) [12] . RBDPO Olein can be produced through the fractionation process of RBDPO. On the other hand, PKO can be further synthesized to become PKO Alkyl Ester [13, 14] . Other type of biodegradable oil that is currently examined for application in transformers is Coconut Oil (CO). It is extracted from a kernel of matured coconut that is harvested from a coconut palm. According to [15] , the performance of CO could sufficiently comply with the standard for dielectric insulating fluid in transformers and it was also applied successfully in-service for a single phase, 5 kVA, 33 kV/240 V and a three phase, 160 kVA, 33 kV/415 V sealed transformers [16] .
A number of researches were carried out previously to investigate the behaviors of biodegradable oil such as natural ester under both lightning and switching impulses with consideration on the quasi-uniform and non-uniform fields [17] [18] [19] . At the moment, there is still less information that can be obtained for the lightning impulse performance of PO and CO. This paper presents the experimental results on the lightning impulse tests carried out on RBDPO, CO and MO under non-uniform electric field. The influences of the testing methods, rising-voltage and up-and-down on the lightning breakdown voltages of these oils are also investigated and analyzed. 
II. EXPERIMENTAL DESCRIPTION

A. Test Samples
The fluids under test are MO, CO and 3 samples of RBDPO. The RBDPO samples used in this study were obtained from readily available cooking oil products in the market and all of them are RBDPO Olein type. TABLE I shows the characteristics of these oils. There is not much difference on the composition of saturated, poly-unsaturated and mono-unsaturated fats for all RBDPO samples. The only difference is on the composition of vitamin A and vitamin E where RBDPOC has the highest vitamin E and only RBDPOA has the vitamin A content. On the other hand, CO does not have vitamin A and vitamin E. The content of saturated fat for CO is significantly high compared to all RBDPO samples. The samples were first filtered by a membrane filter with a pore size of 0.2 µm. Next, all samples were dried in an air circulating oven at 85 ºC for 48 hours and rested at ambient temperature for further 24 hours before tested for lightning impulse.
B. Test Methods for Lightning Breakdown Voltage
The configuration for the lightning breakdown voltage test can be seen in Fig. 2 . A cylindrical test cell with an internal fluid volume of 300 mL, was manufactured according to IEC 60897 [20] . The side wall of the test cell was made from transparent Perspex, which was then mounted on a nylon base. Copper needle-sphere electrodes were used to represent the non-uniform field at a gap distance of 3.8 mm. The needle electrode is made from copper with the tip radius curvature of 200 µm. The sphere electrode has a diameter of 12.7 mm.
A 2-stage TERCO impulse generator with a maximum voltage 280 kV was used to deliver the standard lightning impulse 1.2/50 µs. The test was carried out under positive lightning impulse voltages. 
Rising-voltage method
For one single test, an initial voltage level is applied with a constant rate of increased voltage until the breakdown occurs [17, 20, 21] . The initial voltage level was set to 35 kV. The voltage was increased step by step with an increment of 5 kV until a breakdown occurs. The time interval between each breakdown was fixed to 60 seconds. A total of 15 breakdowns for each of the samples at 1 shot per step increasing rate were obtained without changing the electrodes and fluid samples.
Up-and-down method
The procedure for the up-and-down method is as follows [17, 22, 23] :
a) The voltage is raised from an initial value in steps of fixed amplitude ΔU at which with certainty no breakdown would occurs, until the first breakdown occurs, b) Next, the voltage is reduced step by step of ΔU until breakdown does not occur, c) The test voltage is raised again until the next breakdown occurs. The process is repeated until a predetermined number of voltages are obtained. The mean value of these voltages itself provides prior estimate of the 50% breakdown voltage.
The initial voltage level was set to 35 kV and the step voltage was fixed to 5 kV. The time interval was set to 60 seconds between each breakdown interval. For each set of testing, 30 shots were applied for each of the samples. Fig. 3 shows the 50% lightning breakdown voltages for RBDPOA, RBDPOB, RBDPOC, CO and MO based on risingvoltage method for all samples. The highest breakdown voltage is MO with a value of 53 kV followed by RBDPOA with a value of 52.3 kV, RBDPOB with a value of 50.3 kV, RBDPOC and CO with values of 45.3 kV. Taking MO as a benchmark, it was found that only RBDPOA and RBDPOB have the closest breakdown voltage to MO where the percentage of difference is within 5%. The difference between RBDPOC/CO and MO is quite big where the percentage of difference is around 15%. 
III. RESULT AND ANALYSIS OF DATA
A. Rising-voltage Method
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The lightning breakdown voltages frequency distribution can be seen in Fig. 4 . It can be seen that for MO, most of the breakdown occurs at 55 kV. For RBDPOA, RBDPOB and RBDPOC, most of the breakdown occurs at 50 kV, 50 kV and 45 kV respectively. On the other hand, most of the breakdown occurs at 45 kV for CO. 
B. Up-and-down Method
The lightning breakdown voltage pattern based on up-anddown method for different types of RBDPO, CO and MO is shown in Fig. 5 . The pattern for all RBDPO is almost the same and it is different from CO and MO. The lightning breakdown voltage based on up-and-down method of all samples can be seen in Fig. 6 . Similar as risingvoltage method, the highest 50% breakdown voltage is MO with a value of 50.6 kV followed by RBDPOA with a value of 48.9 kV, RBDPOB with a value of 48.6 kV, RBDPOC with a value of 45 kV and CO with a value of 43.9 kV. 
C. Comparison
The comparison of lightning breakdown voltage for all samples based on rising-voltage and up-and-down methods can be seen in Fig. 7 . It was found that, there is only a small differences on the influence of testing method on the breakdown voltage for all samples where the range of the percentage are between 2% and 6%. RBDPOA and RBDPOB perform reasonable well under both testing methods where difference of the breakdown voltage with MO is less than 10%. On the other hand, the breakdown voltage of RBDPOC and CO is lower than MO where the difference of the breakdown voltage is more than 10%. There is also small effect of the testing methods on the coefficient of variation of the lightning breakdown voltage for all the samples as shown in Table II . Apart from the RBDPOA, all samples show slightly increase on the coefficient of variation for the up-and-down method. 
IV. CONCLUSION
The lightning breakdown voltages for RBDPOA and RBDPOB are comparable with MO. Under both testing methods, the difference of the breakdown voltage is less than 10%. On the other hand, the difference of the breakdown voltage between CO and MO could go up to 15%. There is only a small effect of the testing method on the lightning breakdown voltage of the RBDPO and CO samples where the difference between up-and-down and rising-voltage methods is less than 10%. It is also observed that apart from RBDPOA, all samples experience an increment on the coefficient of variations under up-and-down method.
